Introduction
Military personnel are exposed to high levels of noise and vibration in armoured vehicles. These may impact performance negatively in command and control (C2) environments, particularly as their mobility is increased. To date, much of the noise research for the Canadian Forces (CF) has focussed on aircraft. However, high noise levels are also prevalent in armoured land vehicles. Previous measurements in land vehicles have shown the noise levels at the various crew positions to be in excess of 100 dBA 2, 3) . Radio communications further increase the noise exposure at the ear because operators tend to increase the volume to hear the speaker over the background noise 3) . The high levels of noise exposure in the vehicles can compromise hearing and communication during the mission. Repeated, prolonged exposures can lead to permanent hearing damage 4) .
Exposure to whole-body vibration in armoured vehicles has been linked to back problems in the CF. In one case study of personnel who drove M113 armoured personnel carriers (APCs) for long hours as part of the Combat Arms School curriculum, 10 of 28 drivers had missed time from work due to back pain 5) . Cases such as this have prompted the ongoing development of standards for the measurement and assessment of whole-body vibration. The current versions of the International and British standards for wholebody vibration, ISO 2631 6) and BS 6841 7) , do not state exposure limits. ISO 2631-1 defines a health guidance caution zone with respect to health effects for vibration dose values (VDV) between 8.5 and 17 m/s 1.75 6) . BS 6841 advises that vibration exposures corresponding to a VDV in the region of 15 m/s 1.75 will usually cause severe discomfort 7) . The European Directive 89/391/EEC 8) (hereafter referred to as the EU directive) defines action values and daily exposure limits using both the VDV and RMS acceleration values. The action values are defined as 0.5 m/s 2 RMS or 9.1 m/s 1.75 , and the daily exposure limits are 1.15 m/s 2 or 21 m/s 1.75 . Since the three standards do not appear to be entirely consistent with each other, it can be difficult to assess the severity of a given exposure.
In addition to long-term health effects, vibration can affect performance and well-being in the short term. Motion sickness in a command and control vehicle (C2V) has been investigated by Cowings et al. 9) , who found that while incidences of emesis were rare, many of the subjects reported drowsiness and mild nausea. Performance on cognitive tasks in a C2V has also been studied [10] [11] [12] , but the results have been ambiguous. In these studies, the details of the vibration spectra were not reported. Laboratory studies have shown that certain frequencies of vibration elicit different reactions in humans. For example, manual tracking performance has been found to be maximally affected by vertical vibration around 5 Hz 13, 14) , while the incidence of motion sickness has been found to be maximal for horizontal vibration around 0.2 Hz 15) . In the absence of information about such vibration characteristics, it is impossible to link any given physical reaction or effect on performance to a particular vehicle. This problem is further exacerbated by the fact that the vibration characteristics may change depending on the speed at which the vehicle is driven and the type of terrain on which it is driven.
The objective of the study was to characterize the noise and vibration levels at different positions inside several armoured vehicles, and to assess the exposures according to existing standards. Knowledge of the noise levels and spectra will help to determine the most effective type of hearing protection for a given vehicle or operational setting. Vibration exposure may affect crew performance in ways that are not obvious or expressed by the crewmembers. Information about the levels and spectra will help to determine how performance is being affected.
Methods and Materials

Subjects
This experiment was approved by the Human Research Ethics Committee of Defence Research and Development Canada-Toronto. Ten male subjects (9 military and 1 civilian who was an armoured vehicle mechanic), ranging in age from 19 to 46 yr (median: 35 yr), weight from 66 to 90 kg (median: 77 kg) and height from 170 to 183 cm (median: 174 cm) participated. All reviewed the protocol and signed a Consent Form prior to participation.
Apparatus
Noise and whole-body vibration data were measured in three different vehicles: Bison, LAV III (light-armoured vehicle) and M113A2 anti-tank air defence system (ADATS). The Bison and LAV III are wheeled vehicles, while the M113A2 is tracked. The noise measurements were made with a 1/4" microphone (Bruel and Kjaer, Model 4135) or a sound level meter (Quest Technologies, Model 1900). The microphone was taped to the side of the helmet worn by each subject to measure the noise near ear level. The noise was recorded with DAT recorders (Sony, Model PCM-M1). Whole-body vibration of seated crewmembers was measured using a seat pad containing a triaxial accelerometer. Since the crew commander typically spends considerably more time in the vehicle standing on the seat than sitting, a triaxial accelerometer was mounted on the frame of the seat. The seat pad or triaxial accelerometer was connected to a HAVPro human vibration meter (Quest Technologies). The outputs for each of three axes (x-, y-and z-axes) were also recorded with DAT recorders (Sony PCM-M1). The sampling rate of the DAT recorders was 44.1 kHz for both the noise and vibration recordings.
Procedure
The LAV III and Bison were assessed at the Canadian Forces Base in Borden, Ontario. Both vehicles are wheeled (8 wheels) and are capable of speeds up to 100 km/h on roads. The LAV III has a 350 hp Caterpillar diesel engine and the Bison has a 275 hp Detroit Diesel 6V53T engine. The Mobile Repair Team (MRT) variant of the Bison was used in this study. In each of these vehicles, the accelerometers were placed at the driver, crew commander and passenger seats (see Figs. 1a and 1b) . The passenger was seated facing sideways in the vehicle. Noise and vibration signals were recorded for three different conditions: idling (5 min), rough terrain (10 min) and high-speed highway driving (10 min). The armoured vehicle training area (a dirt field) was used for rough terrain driving. The terrain in the training area was varied; some areas were flat, while other areas had bumps as high as 1 m. Loops were driven in the field to obtain data that was representative of the surface. The hatches were kept open for all of the measurements. For the rough terrain runs, the vehicle speed was variable depending on the difficulty of the terrain. For the highway runs, the vehicles were driven at about 80 km/ h. On the day of the measurements, the weather was sunny with temperatures ranging from -8 to 15°C. Both the paved roads and training area were dry. After the measurements were made in each vehicle, the subjects completed a questionnaire on their reactions to the noise and vibration exposure.
Noise and vibration measurements in the M113A2 ADATS were made at Oerlikon Contraves Inc. in Saint-Jean-surRichelieu, Quebec. The ADATS is a low-level air defence unit, mounted on the chassis of an M113A2 (tracked vehicle). The vehicle has a 275 hp Detroit 2-stroke 6 cylinder diesel engine, and is capable of speeds up to 58 km/h on roads. Noise measurements were made at ear level at the driver and two operator positions, (electro-optical and radar; see Fig. 1c for schematic diagram). Whole-body vibration measurements were made at the driver and the radar operator seats using seat-pad accelerometers. The crew commander seat was not used in this vehicle. Noise measurements were made for three different conditions: idling, driving at 8 km/ h and driving at 32 km/h. Two different driving speeds on a paved track were used rather than two types of terrain. The idling measurements were made with the hatches open and closed. For each of the test conditions, the noise was recorded for 5 min. Due to operational and equipment constraints, the noise and vibration measurements were made independently over two days. The weather conditions on the day of the noise measurements were overcast with light rain, with the temperature ranging from 25 to 31°C. For the vibration measurements, the conditions were sunny and the temperature range was 13 to 23°C. After the measurements were finished on each day, the driver and operator completed a reaction to noise and vibration questionnaire.
Due to limited personnel availability, two of the military subjects rode in two of the vehicles. One of the subjects was French-speaking and unable to complete the questionnaire, which was in English only. Two additional sets of questionnaire responses were collected from personnel in armoured vehicles in which noise and vibration data were not obtained (Coyote and M113A2 armoured personnel carrier). In total, 8 sets of noise and vibration data (8 subjects in 3 vehicles) and 9 sets of questionnaire responses were analyzed.
Analysis
The noise levels were integrated over the period of measurement and overall unweighted and A-weighted values were calculated, as well as 1/3 octave band levels up to 8,000 Hz. The 1/3 octave band levels were calculated using Matlab, and verified using a Brüel and Kjaer 2133 real-time analyzer. The vibration measurements were frequency-weighted using the values defined by the appropriate standard. For calculation of the ISO and EU directive values for the RMS acceleration and VDV, the frequency weighting w d was used for the x-and y-axes and w k was used for the z-axis, as defined in ISO 2631 6) . The BSI values for the RMS acceleration and VDV were calculated using the w d weighting for the x-and y-axes, and w b for the z-axis, as defined in BS . The Sony PCM-M1 DAT recorders used were not specialized for vibration recordings. Since the frequencies of interest for whole-body vibration are below 80 Hz 6, 7) , a low sampling rate (e.g., 500 Hz) is desirable for recording; however, such a recording device was not available for this study. Thus, the analysis of the vibration data was limited by the high sampling rate (44.1 kHz) and the low frequency response characteristics of the recorder. The data was not low-pass filtered or downsampled prior to analysis. The low frequency response of the DAT recorder was tested by recording 1/3 octave band center frequencies from 1 to 10 Hz and comparing the recorded amplitude to that of a 100 Hz recorded pure tone. The relative levels were used to calculate correction values in dB, which were added to the corresponding 1/3 octave band levels of the vibration data. These levels were then converted into RMS acceleration units (m/s 2 ). RMS acceleration values were calculated for 4-to 5-min periods, depending on the amount of data that was available. The weighted RMS acceleration in the x, y and z axes (a wx , a wy and a wz , respectively) were summed to give the total using the following equation: 
As recommended in ISO 2631, the ISO totals for the driver positions were calculated using k = 1.4 for the x-and yaxes and k = 1.0 for the z-axis. The BSI totals were calculated using k = 1.0 for all axes.
Results
Noise
Only the noise levels at the driver position are presented here for brevity; the noise levels for the other crew positions were similar 16) . Overall unweighted and A-weighted noise levels for the drivers of the three vehicles are listed in Table  1 . In general, the overall noise levels increased with vehicle speed and the noise levels were highest in the ADATS, followed by the Bison and then the LAV III.
The 1/3 octave band levels for the LAV III driver are shown in Fig. 2 . The idling noise spectrum showed peaks in the 20, 31.5, 40 and 63 Hz bands. The overall A-weighted level (84.2 dBA) was thus substantially lower than the unweighted level (98.6 dB). The overall noise level for rough terrain driving was about 4 dB higher than for the idling condition, with the greatest spectral differences occurring below about 500 Hz. For highway driving, the overall noise level of 110 dB was 7 dB greater than for rough terrain, again mainly due to the noise level increases below 500 Hz. Figure 3 shows the noise spectra for the Bison driver. The idling spectrum showed peaks in the 31.5 and 100 Hz bands, causing the unweighted level to be about 5 dB higher than the A-weighted level (94.6 dB compared to 89.4 dBA). When the vehicle was mobile (both rough terrain and highway), the noise levels at 31.5 and 100 Hz changed very little, but the levels at all other frequencies increased. The spectra for rough terrain and highway driving were almost identical at frequencies above 200 Hz. Below 200 Hz, the highway driving noise was about 10 dB higher than for rough terrain in most of the bands. Since the increase was only at lower frequencies, the total A-weighted levels for rough terrain and highway driving were the same (102 dBA).
The noise spectra for the ADATS driver position are shown in Fig. 4 . The noise levels and spectrum for the idling and the 8 km/h driving conditions were similar (about 95 dBA, 100 dB unweighted). When the vehicle was driven at 32 km/h, the noise levels increased at all frequencies. With the hatches closed, the overall noise levels were 12 dB higher than when the hatches were open (unweighted 123 dB, Aweighted 115 dBA for hatches closed compared to 111dB, 103 dBA for hatches open).
Vibration
The RMS acceleration for the drivers of the LAV III, Bison and ADATS when the vehicles were mobile are shown in Table 2 ; the idling vibration levels for all of the vehicles were minimal and are not shown 16) . Like the noise levels, the total vibration levels generally increased with vehicle speed, and the vibration was least severe in the LAV III. 16) . Sample vibration spectra for the LAV III driver position are shown in Fig. 5 . The spectra were relatively different for each vehicle, driving condition and measurement condition. For the LAV III, the vibration tended to be highest around 1 to 2 Hz in the x-and y-axes, particularly for rough terrain conditions. Vibration in the z-axis was greatest around 5 Hz for rough terrain and 2.5 Hz for highway driving.
Some of the vibration recordings, particularly for the Bison, contained sections of overloading that corrupted the signal. This made it difficult to calculate the vibration dose value (VDV), which should be determined from a vibration measurement obtained throughout a full exposure to vibration 7) . For these vehicles, such measurements were not possible; thus, the VDV for the vehicles are not discussed in this paper.
Questionnaire
The subjects completed a questionnaire that asked about common reactions to noise and vibration with respect to hearing, communication and well-being while inside and immediately after leaving the vehicle. The subjects responded using a 5-point scale, with a response of 1 corresponding to "not at all" and a response of 5 corresponding to "very much," with 3 being neutral. The questionnaire is given in the Appendix and the median responses are given in Table 3 . The strongest reaction was that of the effect of the noise on communication. When asked if the noise made it difficult to communicate (questions 5 and 6), about half of the subjects responded with a 4 or 5 (somewhat or very much). Onethird of the respondents also indicated that the noise made them uncomfortable during highway or high-speed driving (question 4; median response was 3). Most of the questions asking about common reactions to vibration exposure (dizziness, fatigue, nausea, pain) were responded to with a 1 or 2. One respondent commented that pain was experienced in the feet and back. 
Discussion
Noise exposure With the exception of the LAV III during idling, all of the conditions, positions and vehicles studied had overall noise levels that exceeded the Canada Labour Code 8-h noise exposure limit of 87 dBA 1) . The LAV III was the least noisy 1  2  2  2  3  3  4  3  5  3  6  4  7  2  8  2  9  1  10  1  11  1  12  1  13  2  14  1  15  1  16  2  17  1 Median responses are given on a scale from 1 (not at all) to 5 (very much).
of the vehicles that were measured, followed by the Bison and then the ADATS. The data do not suggest any significant differences in noise exposure between the crewmembers in a given vehicle. The ADATS noise data, which were obtained with the hatches open and hatches closed, showed that the noise exposure for the driver could be more than 10 dB greater when the hatches were closed. The noise spectra for all of the vehicles, particularly while mobile, showed high levels of low-frequency noise (Figs. 2  through 4 ). This suggests that headsets with active noise reduction (ANR) may be required to reduce the noise exposure to safe levels. The noise attenuation in octave bands from 125 to 4,000 Hz (given by the manufacturer specifications; Table 4 ) were used to calculate the approximate noise exposure inside the vehicles when the Racal Slimgard II communications headset is worn in passive (ANR off) and ANR modes. The approximate noise exposures with the headset are listed in Table 5 . When worn in the passive mode, the headset provides sufficient attenuation for the LAV III and Bison for the noise exposure to fall within the 87 dBA 8-h limit. For the ADATS, the headset must be worn in the ANR mode when the vehicle is driven at 32 km/h. In the case of the driver when the hatches are closed, the noise exposure would still be 88 dBA, and thus the exposure time should be no more than 4 h. This is assuming that the headset is properly fitted and worn at all times. It was observed during this study that some crewmembers would remove the headset or shift it away from one ear at times to communicate. This may explain the finding that about half of the subjects reported having difficulty communicating in noise.
It has already been noted that the noise exposure at the ear can be further increased by radio communications, and thus in-ear noise measurements would give a better indication of the noise exposure. In this study, the use of the communication systems in each of the vehicles was inconsistent; in one case, the system was not working and there were also incidences of the crewmembers removing the headsets as noted above. Thus, the conditions for in-ear measurements would not have been consistent across all vehicles. For that reason, only ambient noise levels were measured.
Whole-body vibration exposure
The whole-body vibration measurement results are much more difficult to assess than the noise exposure, because there are no dose-response relationships for the effects of vibration on health or performance. The guidelines for the evaluation of vibration exposure defined by ISO, BSI and the EU provide different "caution zones," "action values" and "exposure limits". Thus, the assessment of a given vibration exposure can be very different depending on which standard is used. Further, some argue that injury will not necessarily be prevented by constraining exposure to any particular exposure action value or limit 17) . The RMS acceleration values for the LAV III and Bison drivers are given in . ISO 2631 states that the RMS acceleration may not be suitable for describing the severity of the vibration when the crest factors (ratio of the maximum instantaneous peak value to the RMS value) are greater than 9 6) . It was observed that the recorders tended to overload during the rough terrain driving measurements (particularly in the Bison) which suggests that the crest factors may have been greater than 9. The RMS acceleration values are thus conservative and may not reflect the impact of repeated shocks. Nonetheless, the results give reason for concern regarding the health of armoured vehicle drivers.
The crewmembers are most at risk while driving over rough terrain not only because of the high vibration levels, but also because the vertical vibration was the strongest around 5 Hz which is the principle resonance of the seated human body 17) . Vertical vibration at 5 Hz has been found to cause decrements in several performance measures 13, 14) . It was not possible to extract information about very lowfrequency vibration (< 1 Hz) from the measurement methods used in this study. Given that there appeared to be significant vibration in the 1 Hz octave band in horizontal axes, it is possible that the subjects may have had motion sickness symptoms that did not show up in the questionnaire results, or perhaps would have if the exposure had been of longer duration.
Conclusion
The noise levels in all of the vehicles measured exceeded safe values for unprotected listening 1) . Across the vehicles studied, the most intense levels were observed in the ADATS, particularly for the driver when driving with the hatches closed. Communications headsets, in particular the Racal Slimgard II, may provide enough noise attenuation to reduce the noise to safe levels, given that the headset is properly fitted, worn at all times inside the vehicle, and is used in the ANR mode during very noisy driving conditions (i.e., with the hatches closed, driving at high speeds). The use of earplugs in combination with the headset without ANR capability may provide an alternative solution, provided that the earplug does not interfere with radio communications. The data showed that noise levels were lowest in the LAV III, which is the newest of the vehicles measured. Because a number of problems arose with the whole-body vibration recordings, only the RMS acceleration values were presented. For all of the measurements shown, the z-axis was the dominant axis of vibration. It appeared that the vibration exposure for the LAV III and Bison driver while driving over rough terrain, and the ADATS driver for both of the driving speeds used, would exceed the EU action value of 0.5 m/s 2 for 8 h. Considering that the RMS acceleration values presented in this paper were conservative as discussed above, the results give reason for concern for the health and safety of the armoured vehicle drivers.
